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efficacy in treatment of arsenic poisoning, succimer currently is ap¬ 
proved by the FDA only for lead chelation in children. 

After long-term exposure to arsenic, treatment with dimercaprol 
and penicillamine also may be used, but oral penicillamine alone 
usually is sufficient. The duration of therapy is determined by the 
clinical condition of the patient, and the decision is aided by peri¬ 
odic determinations of urinary' arsenic concentrations. Adverse ef¬ 
fects of the chelating agents may limit the usefulness of therapy (see 
below). Dialysis may become necessary with severe arsenic-induced 
nephropathy; successful removal of arsenic by dialysis has been re¬ 
ported (Vaziri et al., 1980). 

Arsine. Arsine gas, generated by electrolytic or metallic reduction 
of arsenic in nonferrous metal products, is a rare cause of industrial 
intoxication. Rapid and often fatal hemolysis is a unique character¬ 
istic of arsine poisoning and probably results from arsine combining 
with hemoglobin and then reacting with oxygen to cause hemolysis. 
A few hours after exposure, headache, anorexia, vomiting, paresthe¬ 
sia, abdominal pain, chills, hemoglobinuria, bilirubinemia, and anuria 
occur. The classic arsine triad of hemolysis, abdominal pain, and 
hematuria is noteworthy. Jaundice appears after 24 hours. A coppery 
skin pigmentation is frequently observed and is thought to be due to 
methemoglobin. Kidneys of persons poisoned by arsine characteris¬ 
tically contain casts of hemoglobin, and there is cloudy swelling and 
necrosis of the cells of the proximal tubule. If the patient survives 
the severe hemolysis, death often results from renal failure. Because 
the hemoglobin-arsine complex cannot be dialyzed, exchange trans¬ 
fusion is recommended in severe cases; forced alkaline diuresis also 
may be employed. Dimercaprol has no effect on the hemolysis, and 
beneficial effects on renal function have not been established; it is 
thus not recommended. 

It should be noted that arsenic is a trace contaminant of other 
metals, such as lead; contact of these unrefined metals with acid may 
produce arsine (and/or stilbine from antimony). 


CADMIUM 

Cadmium ranks close to lead and mercury as a metal of 
current toxicological concern. It occurs in nature in asso¬ 
ciation with zinc and lead, and extraction and processing 
of these metals thus often lead to environmental contami¬ 
nation with cadmium. The element was discovered in 1817 
but was seldom used until its valuable metallurgical prop¬ 
erties were discovered approximately 50 years ago. A high 
resistance to corrosion, valuable electrochemical proper¬ 
ties, and other useful chemical properties account for cad¬ 
mium’s wide applications in electroplating and in galva¬ 
nization and its use in plastics, paint pigments (cadmium 
yellow), and nickel-cadmium batteries. Applications for 
and production of cadmium will continue to increase. Be¬ 
cause less than 5 % of the metal is recycled, environmen¬ 
tal pollution is an important consideration. Coal and other 
fossil fuels contain cadmium, and their combustion re¬ 
leases the element into the environment. 

Workers in smelters and other metal-processing plants may be 
exposed to high concentrations of cadmium in the air; however, for 
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most of the population, exposure from contamination of food is most 
important. Uncontaminated foodstuffs contain less than 0.05 p,g 0 f 
cadmium per gram wet weight, and the average daily intake is about 
50 p,g. Drinking water normally does not contribute significantly to 
cadmium intake, but cigarette smoking does. One cigarette contains 
1 to 2 p.g of cadmium, and, with even 10% pulmonary absorption 
(Blinder et al., 1983), the smoking of one pack of cigarettes per day 
results in a dose of approximately 1 mg of cadmium per year from 
smoking alone. Shellfish and animal liver and kidney are among 
foods that can have concentrations of cadmium higher than 0.05 pg/g 
even under normal circumstances. When foods such as rice and wheat 
are contaminated by cadmium in soil and water, the concentration of 
the metal may increase considerably (1 pg/g). 

In Fuchu, Japan, shortly after World War II, a large number of 
people complained of rheumatic and myaigic pains; the disease was 
named iiai-itai (“ouch-ouch”). It was determined that cadmium had 
washed into the local rice fields from the effluent from a lead-zinc 
processing plant. Since itai-itai disease usually is not seen outside of 
Fuchu, other factors also may contribute to the development of itai- 
itai in this population (see discussion below concerning bone re¬ 
sponse to chronic cadmium poisoning). 

Absorption, Distribution, and Excretion. Cadmium occurs only 
in one valency state, 2 + , and does not form stabile alkyl compounds 
or other organometalhc compounds of known toxicological signifi¬ 
cance. 

Cadmium is absorbed poorly from the gastrointestinal tract. 
Studies in laboratory animals indicate the extent of absorption to be 
only about 1.5% (Engstrom and Nordberg, 1979), and limited stud¬ 
ies in human beings indicate a value of about 5% (Rahola et al., 
1972). Absorption from the respiratory tract appears to be more com¬ 
plete; cigarette smokers may absorb 10% to 40% of inhaled cadmium 
(Friberg et al., 1974). 

After absorption, cadmium is transported in biood, bound 
mainly to blood cells and albumin. Cadmium is distributed first to 
the liver and then is redistributed slowly to the kidney as 
cadmium-metailothioneiu. After distribution, approximately 50% of 
the total body burden is found in the liver and kidney. Metal- 
lothionein is a low-molecular-weight protein with high affinity for 
metals such as cadmium and zinc. One-third of its amino acid residues 
are cysteines. Metallothionein is inducible by exposure to several 
metals, including cadmium, and elevated concentrations of this 
metal-binding protein may be protective and function to prevent the 
interaction of cadmium with other functional macromolecules. 

The half-life of cadmium in the body is 10 to 30 years. Conse¬ 
quently, with continuous environmental exposure, concentrations of 
the metal in tissues increase throughout life. The body burden of cad¬ 
mium in a 50-year-old aduit in the United States is about 30 mg. its 
extremely long biological half-life renders cadmium an environmen¬ 
tal poison very prone to accumulation. Overall, fecal elimination is 
quantitatively more important than urinary excretion of the metal. 
Urinary excretion of cadmium becomes significant only after sub¬ 
stantial renal toxicity has occurred (see Goering and Klaassen, 1984). 

Acute Cadmium Poisoning. Acute poisoning usually results from 
inhalation of cadmium dusts and fumes (usually cadmium oxide) and 
from the ingestion of cadmium salts. The early toxic effects are due 
to local irritation. In the case of oral intake, these include nausea, 
vomiting, salivation, diarrhea, and abdominal cramps; the vomitus 
and diarrhea often are bloody, in the short term, cadmium is more 
toxic when inhaled. Signs and symptoms, which appear within a few 
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MEMBRANE 

Figure 66—6. Pustulated mechanisms contributing to cadmium-induced renal toxicity. 

Cadmium (Cd) taken up by the liver can combine with glutathione (GSH) and be excreted into the bile 
or can bind to metallothionein (MT), creating a storage form for cadmium. Some cadmium-metalloth- 
ionein complex (Cd-MT) leaks into the piasma. When taken up by kidney cells, the Cd—MT complex en¬ 
ters the lysosomes, the MT is degraded to its component amino acids (aa), and the cadmium is released 
from the lysosomes into the cytosol. At concentrations of 200 p,g/g or higher, cadmium damages kidney 
tissue and results in proteinuria, Alb, albumin. 


hours, include irritation of the respiratory tract with severe, early 
pneumonitis, chest pains, nausea, dizziness, and diarrhea. Toxicity 
may progress to include fatal pulmonary edema or residual emphy¬ 
sema with peribronchial and perivascular fibrosis (Zavon and 
Meadow, 1970). 

Clitonic Cadmium Poisoning. The toxic effects of long-term ex¬ 
posure to cadmium differ somewhat with the route of exposure. The 
kidney is affected following either pulmonary or gastrointestinal ex¬ 
posure; marked effects are observed in the Jungs only after exposure 
by inhalation. 

Kidney. Figure 66-6 illustrates how' cadmium is thought to pro¬ 
duce renal toxicity. Cadmium is taken up by the liver, in the liver, 
cadmium can combine with glutathione and be excreted into bile. 
More importantly, cadmium binds to metallothionein, in which form 
it is stored. Some cadmium bound to metallothionein leaks into the 
plasma and then is taken up by the kidney. In the lysosomes of the 
kidney, cadmium is released. A sufficient concentration (200 jrg/g) 
damages the kidney cell, resulting in proximal tubular injury and pro¬ 
teinuria (Dudley et al., 1985). With more severe exposure, glomeru¬ 
lar injury occurs, filtration is decreased, and there are aminoaciduria, 
glycosuria, and proteinuria. The nature of the glomerular injury is 
unknown but may involve an autoimmune component (Lauwerys et 
al. 1984). 

Excretion of ^-microglobulin in urine appears to be a sensitive 
but not specific index of cadmium-induced nephrotoxicity (Piscator 
and Pettersson, 1977; Lauwerys etal, 1979). Although measurement 
of urine fL-niicroglobulin is part of the OSHA standard for moni¬ 
toring cadmium poisoning, the concentration of fJ 2 -itticroglobuUn in 
the urine may not the the best marker for exposure. Retinol-binding 
protein may be a belter marker, but its measurement is not generally 
available as an assay for cadmium exposure and toxicity. 

L“«g. The consequence of excessive inhalation of cadmium fumes 
and dusts is loss of ventilatory capacity, with a corresponding increase 
111 residual lung volume. Dyspnea is the most frequent complaint of 


patients with cadmium-induced lung disease. The pathogenesis of cad¬ 
mium-induced emphysema and pulmonary fibrosis is not well under¬ 
stood (Davison et al, 1988); however, cadmium specifically inhibits 
the synthesis of plasma ai-antitrypsin (Chowdhury and Louria, 1976), 
and there is an association between severe a [-anti-trypsin deficiency 
of genetic origin and emphysema in human beings. 

Cardiovascular System. Perhaps the most controversial issue con¬ 
cerning the effects of cadmium on human beings is the suggestion 
that the metal plays a significant role in the cause of hypertension 
(Schroedcr, 1965). An initial epidemiological study indicated that in¬ 
dividuals dying from hypertension had significantly higher concen¬ 
trations of cadmium and higher cadmium-(o-ztnc ratios in their kid¬ 
neys than people dying of other causes. Others have found similar 
correlations (Thind and Fischer, 1976). However, consistent effects 
of cadmium on the blood pressure of experimental animals have not 
been observed, and hypertension is not prominent in industrial cad¬ 
mium poisoning. 

Bone. One of the hallmarks of itai-itai disease was osteomalacia. 
However, studies in Sweden and the United Kingdom failed to cor¬ 
roborate this effect of cadmium poisoning (Kazantzis et at, 1963; 
Adams et al., 1969). The intake of calcium and fat-soluble vitamins 
such as vitamin D is much higher in these countries than in Japan. 
The Japanese victims were mostly multiparous, postmenopausal 
women. Thus, there may be an interaction among cadmium, nutri¬ 
tion, and bone disease. Body stores of calcium have been found to 
be decreased in subjects exposed to cadmium occupationally (Scott 
et al., 1980). This presumed effect of cadmium may be due to inter¬ 
ference with renal regulation of calcium and phosphate balance. 
Testis. Testicular necrosis, a common characteristic of short-term 
exposure to cadmium in experimental animals, is uncommon with 
long-term, low-level exposure (Kotscmis and Klaassen, 1978). 
Cadmium-induced testicular necrosis has not been observed in men. 
Cancer. Cadmium produces tumors in a number of organs when ad¬ 
ministered to laboratory animals (Waalkes etal, 1992). Evidence that 
cadmium is a human carcinogen is based mainly on epidemiological 
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studies from workers occupationally exposed to cadmium. These in¬ 
vestigations primarily have identified tumors of the lungs and prostate 
and, to a lesser extent kidney and stomach. The International Agency 
for Cancer Research (1993) has concluded that the data are sufficient 
to classify cadmium as a human carcinogen. 

Treatment of Cadmium Poisoning. Effective therapy for cad- 
mium poisoning has been difficult to achieve. After short-term in¬ 
halation the patient must be removed from the source, and pulmonary 
ventilation should be monitored carefully. Respiratory support and 
steroid therapy may become necessary. 

Chelature Therapy. Although there is no clearly proven benefit, 
some clinicians recommend chelation therapy with CaNa^EDTA. The 
dosage of CaNa 2 EDTA used has been 75 mg/kg per day in 3 to 6 di¬ 
vided doses for 5 days. After a minimum of 2 days without treat¬ 
ment, a second 5-day course has been given. The total dose of 
CaNajEDTA per 5-day course should not exceed 500 mg/kg. Data 
from animal studies suggest that, if chelation therapy is considered, 
it should be instituted as soon as possible after cadmium exposure, 
because a rapid decrease in effectiveness of chelation therapy occurs 
in parallel with distribution to sites inaccessible to the chelators (Can¬ 
tilena and Klaassen, 1982a). The use of dimercaprol and substituted 
dithiocarbamates appears promising for individuals chronically ex¬ 
posed to cadmium (Jones et al., 1991). 


al., 1986). One gram of CaNaaDTPA, administered by slow intra¬ 
venous drip on alternate days, three times per week, has enhanced 
excretion 50- to 100-fold in animals and in human subjects exposed 
in accidents. As commonly is seen with heavy-metal poisoning, ef¬ 
fectiveness of treatment diminishes very rapidly with an increasing 
delay between exposure and the initiation of therapy. 

HEAVY-METAL ANTAGONISTS 

Edetate Calcium Disodium 

Ethylenediaminetetraacetic acid (EDTA), its sodium salt 
(edetate disodium, Nib EDTA), and a number of closely re¬ 
lated compounds have been used for many years as in¬ 
dustrial and analytical reagents because they chelate many 
divalent and trivalent metals. The cation used to make a 
water-soluble salt of EDTA has an important role in the 
toxicity of the chelator. Na 2 EDTA causes hypocalcemic 
tetany. However, edetate calcium disodium (CaNa 2 EDTA) 
can be used for treatment of poisoning by metals that have 
higher affinity for the chelating agent than does Gr + . 


IRON 

Although iron is not an environmental poison, accidental 
intoxication with ferrous salts used to treat iron-deficiency 
anemias has made iron a frequently encountered source of 
poisoning in young children. Iron poisoning is discussed 
in Chapter 53 (see also below). 

RADIOACTIVE HEAVY METALS 

The widespread production and use of radioactive heavy metals for 
nuclear generation of electricity, nuclear weapons, laboratory re¬ 
search, manufacturing, and medical diagnosis have generated unique 
problems in dealing with accidental poisoning by such metals. Since 
the toxicity of radioactive metals is almost entirely a consequence of 
ionizing radiation, the therapeutic objective following exposure is not 
only the chelation of the metals, but also their removal from the body 
as rapidly and completely as possible. 

Treatment of the acute radiation syndrome is largely sympto¬ 
matic. Attempts have been made to investigate the effectiveness of 
organic reducing agents, such as mercaptamine (cysteamine), ad¬ 
ministered to prevent the formation of free radicals. Success has been 
limited. 

Major products of a nuclear accident or the use of nuclear 
weapons include J39 Pu, 137 Cs, l44 Ce, and 9Q Sr. Isotopes of strontium 
and radium have proven to be extremely difficult to remove from the 
body with chelating agents. Several factors are involved in the rela¬ 
tive resistance of radioactive metals to chelation therapy; these in¬ 
clude the affinity of these particular metals for individual chelators 
and the observation that radiation from Sr and Ra in bone destroys 
nearby capillaries. Blood flow in bone is thereby decreased, and the 
radioisotopes become imprisoned. Many chelating agents have been 
used experimentally, including CaNa 3 DTPA (pentetic acid, see be¬ 
low), which has been shown to be effective against J39 Pu (Jones et 


Chemistry and Mechanism of Action, The structure of 
CaNa 2 EDTA is as follows; 
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EDETATE CALCIUM DISODiUM 


The pharmacological effects of CaNa 2 EDTA result 
from formation of chelates with divalent and trivalent met¬ 
als in the body. Accessible metal ions (both exogenous and 
endogenous) with a higher affinity for CaNa 2 EDTA than 
Ca 2+ will be chelated, mobilized, and usually excreted. 
Experimental studies in mice have shown that administra¬ 
tion of CaNa 2 EDTA mobilizes several endogenous metal¬ 
lic cations, including those of zinc, manganese, and iron 
(Cantilena and Klaassen, 1982b). The main therapeutic use 
of CaNa 2 BDTA is in the treatment of metal intoxications, 
especially lead intoxication. 

CaNa 2 EDTA is available as edetate calcium disodium 
(Calcium disodium versenate). For parenteral use, an in¬ 
jection containing 200 mg/ml is employed. Intramuscular 
administration of CaNa 2 EDTA results in good absorption, 
but pain occurs at the injection site; consequently, the 
chelator injection often is mixed with a local anesthetic 
or administered intravenously. For intravenous use, 
CaNa 2 EDTA is diluted in either 5% dextrose or 0.9% saline 
and is administered slowly by intravenous drip over at least 
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